Duchenne muscular dystrophy (DMD) is a progressive muscle-wasting disorder, caused by mutations in the DMD gene and the resulting lack of dystrophin. The DMD gene has seven promoters, giving rise to multiple full-length and shorter isoforms. Besides the expression of dystrophin in muscles, the majority of dystrophin isoforms is expressed in brain and dystrophinopathy can lead to cognitive deficits, including intellectual impairments and deficits in executive function. In contrast to the muscle pathology, the impact of the lack of dystrophin on the brain is not very well studied. Here we study the behavioral consequences of a lack of full-length dystrophin isoforms in mdx mice, particularly with regard to domains of executive functions and anxiety. We observed a deficit in cognitive flexibility in mdx mice in the absence of motor dysfunction or general learning impairments using two independent behavioral tests. In addition, increased anxiety was observed, but its expression depended on the context. Overall, these results suggest that the absence of full-length dystrophin in mice has specific behavioral effects that compare well to deficits observed in DMD patients.
Introduction
Duchenne muscular dystrophy (DMD) is the most common neuromuscular disorder affecting 1:5000 newborn boys. It is caused by mutations in the 2.2 Mb spanning DMD gene, located on the X chromosome, that prevents synthesis of functional dystrophin protein, leading to progressive muscle deterioration. Using palliative care, most patients in the Western world are wheelchair dependent by the age of 12, require assisted ventilation around the age of 20 and die generally due to heart failure in the 2 nd to 4 th decade of life 141, 142 . A common feature in all DMD patients is a loss of the full-length 427-kDa dystrophin protein (Dp427), a cytoskeleton-associated protein that is involved in linking the intracellular cytoskeleton of muscle cells to the extracellular matrix. Besides the pathological consequences of the lack of Dp427 in heart and skeletal muscle, its absence in the brain often results in a general reduction in intellectual ability 143, 144 , as exemplified by deficits in delayed recall 145, 146 . In addition, deficits in executive function have been observed in DMD, including impairments in working-memory, planning, inhibition and cognitive flexibility [146] [147] [148] [149] [150] [151] [152] . Comorbidity with neuropsychiatric disorders has been documented, including attentiondeficit hyperactivity disorder, obsessive-compulsive disorder, autism, epilepsy and anxiety [153] [154] [155] . The DMD gene has tissue-specific promotors and its transcripts undergo alternative splicing, giving rise to a variety of protein products in different tissues. Based on the position of the mutation, DMD patients lack one or multiple brain specific isoforms. Although the functional consequences of a lack of different isoforms are unknown, it is generally believed that the number of mutated dystrophin isoforms correlates with the severity of brain impairment, in which mutations in the distal part of the gene generally lead to more severe mental retardation 156, 157 . The aim of the present study was to determine the behavioral consequences of a lack of Dp427 in mice, particularly regarding the domains of executive functions, learning and anxiety, in order to facilitate the development of novel treatments for brain dysfunction in DMD. The most commonly used mouse model for DMD, the mdx mouse, lacks full-length dystrophin isoforms due to a spontaneous mutation in exon 23 of the Dmd gene introducing a premature stop codon. Unlike DMD patients, adult mdx mice do not show impairments in general mobility [158] [159] [160] presumably due to differences in body architecture between men and mice and a better regenerative capacity 161 . Only when mdx mice are functionally challenged with i.e. endurance hanging tests, mild functional impairments become evident 162 . The life span of mdx mice is only slightly reduced 163 . Whereas most research has focused on studying muscle pathology, a variety of behavioral abnormalities have been observed. The most common is an impairment in long-term memory (for a review see 164 ). In contrast to the clinical symptoms in patients, previous studies in mice failed to identify deficits in executive function 165 . In this study we extensively examined the consequences of dystrophinopathy on behavior in female mdx mice by subjecting them to a test battery that assessed spontaneous behavior, learning, cognitive flexibility and anxiety in an automated home-cage as well as in conventional tasks. This study focusses on female mdx mice to provide a benchmark accommodating future research in mdx-Xist Δhs females which express low dystrophin levels due to non-random X-inactivation 162 . We show that mdx mice are profoundly impaired in cognitive flexibility in an operant reversal learning task which was reproduced in an independent spatial reversal learning task. Additionally, they showed increased anxiety related behavior. Mdx mice displayed these deficits in the absence of locomotor deficits, suggesting this mouse model is suitable for studying the specific effects of a lack of full-length dystrophin separate from motor impairments.
Materials & Methods

Mice
Female mdx mice (C57BL/10ScSn-mdx/J; n = 13) and wild type controls (WT; n = 11) were bred by crossing female mdx carriers with either WT or mdx males taken from the same colony at the animal facility of the Leiden University Medical Center. Mice were genotyped by melting curve analysis on ear biopsies (primers and PCR conditions on request). Mice were housed in individually ventilated cages (7:00/19:00h lights on/off) with ad libitum access to water and chow. At the age of 8-11 weeks, mice were transported to the behavioral phenotyping facility in Amsterdam where behavioral assessments were undertaken after an acclimatization period of at least two weeks. Housing of mice was standardized to two mice per cage to avoid solitary housing of female mice, while keeping the number of mice per cage to a minimum in order to reduce human interference when cage mates were removed from the cage for behavioral testing. Mice were housed on sawdust in Makrolon type II cages enriched with cardboard nesting material, with water and food (2018 Teklad, Harlan Laboratories, Horst, The Netherlands) ad libitum (7:00/19:00h lights on/off; providing an abrupt phase transition). All experiments were approved by the Animal Ethics Committee of the VU University and followed the guidelines of the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Behavioral test battery
From 13 weeks of age onwards, mice were subjected to a test battery that started off with monitoring spontaneous behavior in an automated home-cage (PhenoTyper®), followed by three tasks in this cage; one for anxiety, one for initial discrimination-and 4 reversal learning, and one for avoidance learning. Subsequently, mice were subjected to the Dark-Light box, Open-field, T-maze and Barnes maze, to measure activity and anxiety behavior, spatial working memory, and spatial reference memory and reversal learning. The order and age of testing are depicted in Fig. 17 . All testing was performed blind with regard to genotype and behavioral testing occurred during the subjective light phase (except Automated home-cage tests). The behavioral test battery started off with monitoring spontaneous behavior and performance in different tasks in an automated home-cage called the PhenoTyper® at an age of 13 weeks old (wo). After a resting period of six weeks, mice were subjected to the Dark-Light box (DLB), Open-field (OF), T-maze and Barnes maze, which assess anxiety-related behavior, working memory and spatial initial-and reversal learning, respectively. Abbreviations used for the 14-day PhenoTyper protocol: SB = Spontaneous Behavior, AX = Anxiety, DL = Discrimination Learning, RL = Reversal Learning, AL = Avoidance Learning, bas = baseline to either the anxiety or the avoidance learning task.
Automated home-cage
The PhenoTyper® (model 3000, Noldus Information Technology, Wageningen, The Netherlands) is an automated home-cage in which behavior was tracked by video and in which hardware actions were triggered by the location of the mouse, as previously described in detail 81 (EthoVision HTP 2.1.2.0, based on EthoVision XT 4.1, Noldus Information Technology). Cages (length (L) and width (W) 30 cm, height (H) 35 cm) were made of transparent Perspex walls with an opaque Perspex floor covered with bedding based on cellulose, and were equipped with a water bottle and a feeding station. A triangular shaped shelter with two entrances was fixed in one corner (H = 10 cm, W = 17.5 cm, Diameter entrances = 9 cm, non-transparent material). In the opposite corner an aluminum tube of a reward pellet dispenser protruded into the cage. For the reversal learning task, an opaque Perspex wall (CognitionWall TM ) with three holes was placed in front of the pellet dispenser (H = 25 cm, W = 17 cm, Diameter holes = 3.3 cm).
Automated home-cage -Spontaneous behavior
Mice were introduced to the PhenoTyper during the light phase (14:00h -16:00h) and housed in this cage without any further human handling for the next 14 days. Video tracking started one hour (20:00h) after the onset of the first dark phase and ended at 9:00h of the 14 th light phase in the cage.
As previously published 66 , raw data was processed to generate behavioral parameters using AHCODA TM analysis software (version 1.3.2, Synaptologics BV, Amsterdam, The Netherlands) and a set of 20 key spontaneous behavior parameters was extracted from video tracking data of behavior till the fourth light phase, 9:00h, describing kinematic parameters of move and arrest segments, shelter segments, habituation effects across days, the effect of light/dark phase, anticipation of, and response to light/dark phase transitions, and activity bout characteristics (see Supplementary Table S1 ). Food and water were provided ad libitum during this period. Four of the 24 mice (n = 3 WT and n = 1 mdx mouse) were excluded from analysis due to technical errors.
Automated home-cage -Anxiety test
The anxiety test in the PhenoTyper has been previously described 80 . Fifteen minutes after the start of the fifth dark phase (19:15h), a bright LED mounted in the top unit was automatically switched on (2000 lux) for the duration of one hour. The light beam largely overlapped with the feeding station, and also illuminated the area between the feeder station and left shelter entry.
To examine the behavioral response to the light spot, the proportion of time spent outside the shelter was calculated for every quarter of an hour for the first 2:15h of the dark phase which started at 19:00h. The successive quarters were divided into three phases: before the light spot test (19:00 -19:15h, quarter 1: phase I), during the light spot test (19:15 -20:15h, quarter 2-5: phase II) and after the light spot test (20:15 -21:15h, quarter 6-9: phase III). The proportion of time spent outside the shelter during the corresponding quarters of the previous dark phase (i.e., no light spot) was used as baseline to which the behavior during the test was compared.
Automated home-cage -Discrimination-and reversal learning task
Fifteen minutes before the start of the discrimination-and reversal learning (DL/ RL) protocol at 17:15h on the seventh day in the PhenoTyper, a wall with three holes (CognitionWall TM ) was placed in front of the reward dispenser spout. After placement, one free pellet reward was dispensed and standard chow was removed from the feeding station. Water was provided ad libitum during the entire protocol. The entries made through the wall, until one of the three holes had an entry count of 10 or higher and the entry count of the left hole was a multiple of five, were used to determine whether mice displayed an initial preference for one of the three holes, before any learning stage commenced. Thereafter, mice had to learn to earn all their food (Dustless Precision Pellets, 14 mg, Bio-Serve, Frenchtown, NJ, USA) by going through the left hole in the wall (Discrimination Learning; DL) for the next two days (DL1 and DL2). The middle and right hole were deemed incorrect holes and passing through these holes did not have any consequences. For the subsequent two days, the correct and rewarded hole was switched to the right hole (Reversal Learning; RL) 4 and passing through the wall via the left or middle hole was without consequences (RL1 and RL2). During DL and RL, one reward was delivered for every fifth entry through the correct hole (FR5 schedule of reinforcement). Mice were not required to make five consecutive correct entries, i.e., no chaining requirement.
The total number of entries needed to reach a criterion of 80% correct, computed as a moving window with window size 30 (i.e. 24 correct entries out of the 30 last entries), was used as a measure of learning during DL and RL. During the reversal stage, the number of entries through the previously rewarded left hole provided a measure of perseverative errors. The number of entries through the middle hole represented a measure of neutral errors, because this hole was never rewarded. The initial preference for one of the holes, before any learning stage commenced, was reported as a preference index (PI). This was calculated as (entries through the preferred hole / total entries). The total number of entries, as well as total distance moved, was assessed as measures of general activity. Six of the 24 mice (n = 2 WT and n = 4 mdx mice) were excluded from analysis due to hardware errors.
Automated home-cage -Avoidance learning task
After the discrimination-and reversal learning task the wall with three holes was removed, and the avoidance learning task commenced that made use of the entrances of the shelter, as previously described 81 . During the 11 th dark phase in the PhenoTyper, the preferred shelter entrance was defined by the system as the most often used shelter entrance. On day 12 (AL1) and 13 (AL2), each time the mouse used its preferred entrance, a bright light (500 lux) was automatically switched on in the shelter for as long as the mouse stayed inside. As soon as it left the shelter through either entrance, the light was turned off. The light did not turn on when the mouse entered through the non-preferred entrance. During the 14 th dark phase (AL3), entering through the preferred entrance was without consequences, to investigate whether the shift in entry behavior was stable. A preference index, calculated as [(number of entries through the preferred entrance) -(number of entries through the non-preferred entrance)]/(total number of entries), was assessed for every dark phase of the task (AL1 -AL3) to determine whether mice learned to avoid entering the shelter through their preferred entrance.
Dark-light box
The Dark-light box procedure has been previously described 166 . Mice were introduced into the dark compartment (<10 lux, L = 25 x W = 25 x H = 30 cm) of a dark-light box. After one minute, the motorized door opened providing access to an identical sized compartment which was brightly lit (625 lux) and left open for 10 min. Exploration was tracked using Viewer 2 (BIOBSERVE GmbH, Bonn, Germany). Visits to, latency to visit, and time spent in, the light compartment were counted when the body center point of a mouse protruded at least 2 cm into the light compartment away from the door, and were assessed as measures of anxiety.
Open-field
The Open-field procedure has been previously described 166 . Mice were introduced into a corner of a white polyvinylchloride box (L = 50 x W = 50 x H = 35 cm) illuminated with a single white fluorescent light bulb from above (200 lux) and exploration was tracked for 10 min (Viewer 2, BIOBSERVE GmbH, Bonn, Germany). The box was divided into two zones, an outer zone and an inner zone (both 25 × 25 cm). Distance moved in the total arena was assessed as a measure of general activity, time spent in the inner zone as a measure of anxiety. The box was cleaned with 70% ethanol in between animals. One mdx mouse was excluded from analysis due to technical errors.
T-maze
Spatial working memory was assessed in a T-maze (white PVC, arms L = 30 x W = 10 cm) according to a protocol described before 167 . A sample trial was started by placing a mouse into the start arm (base of the T) to explore the maze. During this trial, a removable central partition (L = 17 cm) protruded from the center of the back wall into the start arm, forcing mice to choose the left or right goal arm. After an entry into the goal arm, a door at the entrance of the goal arm was lowered, and the mouse was contained in the arm for 30 sec. To prepare for the test trial, the central partition was removed and a door at the end of the start arm was lowered. The test trial was initiated by placing the mouse in the start arm and removing both doors. A successful alternation was scored if mice choose to enter the previously non-visited goal arm. A total of six sample and test trials were performed, distributed across two days with at least one hour in between.
Barnes maze
The Barnes maze procedure has been previously described 166 and was used to measure spatial-and reversal learning and memory. The maze consisted of a circular grey platform (diameter 120 cm) elevated 100 cm above the floor with 24 holes (4.5 cm diameter) spaced at equal distance (see Supplementary Fig. S7b ). One hole was designated as escape hole, providing access to an escape box. Visual extramaze cues were mounted on the walls. Three fans surrounding the maze produced a variable airflow across the entire maze. The maze was brightly illuminated (1000 lux) and a speaker mounted to the ceiling provided background sound.
Mice received sessions twice a day for five consecutive days to assess initial spatial learning. Mice were introduced in an opaque cylinder placed in the center of the maze, after which the experimenter left the room, closed the door and pulled the cylinder upwards. After each mouse, the platform and escape box were thoroughly cleaned and the platform was rotated 90° to avoid the use of any odor cues. The 4 second session on the fifth day was a 180 sec probe trial, during which the escape box was removed, which made the escape hole identical to the other holes.
This initial acquisition stage of the task was followed by two resting days, after which mice were trained on the acquisition escape hole location for one additional day. On the day thereafter, the reversal stage started. During this stage, the escape box was moved to the opposite side of the maze. Mice were trained for three sessions to find the new location of the escape box. The second session on the second day of the reversal stage was a 180 sec reversal probe trial, during which the escape box was removed.
The path travelled by the mouse was video tracked by an overhead camera and analyzed using Viewer 2 software with the Barnes maze plugin (BIOBSERVE GmbH, Bonn, Germany). The distance and latency to reach the target location were recorded, as well as hole visits. For both probe trials, the Barnes maze was divided into octants of three holes, with the escape hole being in the middle of the target octant. Proportion of the first five hole visits in this target octant during the probe trials was used as a measure of how well the animal had learned to spatially locate the escape hole.
Statistical analyses
The home-cage spontaneous behavior parameters were analyzed using t-tests. Data was log10 transformed for parameters that were not normally distributed as previously described in 66 . The home-cage anxiety test was analyzed using a factorial repeated measures ANOVA as previously described 80 . Barnes maze data, and error types during the home-cage reversal learning task, were analyzed using factorial repeated measures ANOVAs performed as multilevel models, where genotype and day were added as predictors. Barnes maze performance was compared to chance levels using one-sample t-tests. Two-sample t-tests were performed to compare genotypes when data met the assumption for normality. The Wilcox rank-sum test was used for comparing non-parametric data between genotypes. The effect of initial preference during the DL/RL task was analyzed using a Wilcox's robust factorial ANOVA based on trimmed means. Differences in performance between genotypes in the home-cage discrimination-and reversal learning task were assessed using the G ρ weighted log-rank test for differences between two or more Kaplan-Meier survival curves ('survival' package in R, producing chi-square statistics). The homecage avoidance learning task and proportional measures between genotypes and octants in the Barnes maze were analyzed using Generalized Estimating Equations (GEE). All data are depicted as mean ± standard error of the mean (SEM). Significance levels were set at p < 0.05. All statistical analyses were performed using R version 3.0.2 or SPSS version 23. Details on statistical tests performed for each behavioral test are provided in Supplementary Table S2 .
Results
Female mdx mice, a model for Duchenne muscular dystrophy, were subjected to a behavioral test battery (Fig. 17) that assessed spontaneous behavior, learning and anxiety in an automated home-cage as well as in conventional tasks over a period of 11 weeks.
Normal locomotor behavior in an automated home-cage
To detect whether the absence of full-length dystrophin isoforms resulted in motor impairments in mdx mice, spontaneous behavior was assessed in an automated home-cage (PhenoTyper) in the absence of human interference. There was no difference in total distance moved during the first three days in the PhenoTyper (p = 0.433, Supplementary Fig. S4 , for details on all statistical tests performed see Supplementary Table S2) . We explored the effect of genotype on 20 key spontaneous behavior parameters measured during these three days, including parameters generally sensitive to motor function deficits, such as maximum velocity and number of times mice climbed on top of the shelter. This examination did not reveal differences between WT and mdx mice (Supplementary Table S1 ), in line with the idea that mdx mice do not display major changes in motor function at this age [158] [159] [160] . However, mdx mice were heavier than WT mice (mdx: 25.6 g, WT: 23.3 g, on average) after the first three days in the PhenoTyper (p = 0.023), in line with previous findings 162 .
Impaired reversal learning in an automated home-cage
To assess cognitive flexibility in a home-cage environment, a CognitionWall TM with three entry holes was placed in front of a reward dispenser in the PhenoTyper and regular chow was removed. Mice were tested in a discrimination-and reversal learning (DL/RL) task consisting of two days of initial discrimination learning (DL1-DL2) and two days of reversal learning (RL1-RL2). Before the learning stages commenced, preference for one of the three holes was assessed. During the learning stages, mice had to learn to earn all their food by going through one of the three holes in the wall. Passing through the other holes was without any programmed consequences. One reward was delivered for every fifth entry through the correct hole (FR5 schedule of reinforcement).
During initial discrimination learning mdx mice were not different from WT mice in the total number of entries needed to reach an 80% performance criterion (p = 0.604, Fig. 18a ). The initial preference for one of the three holes did not significantly affect the number of entries to criterion during DL (p = 0.085), nor was there a genotype effect of initial preference on the number of entries to criterion (p = 0.101), suggesting the initial preference of mice did not affect performance during DL.
4
During the subsequent reversal learning phase, mdx mice were slower in reaching the 80% performance criterion (p < 0.001, Fig. 18b) . Notably, four out of nine mdx mice did not reach this criterion at all. During RL, mdx mice made more perseverative errors than WT mice (p = 0.014), however these errors decreased on the second day of the reversal phase for both genotypes (p < 0.001, Fig. 18c ). The number of neutral errors also became smaller on the second day of the reversal phase (p = 0.002 , Fig 18d) , but no differences were found between the genotypes in the number of these errors (p = 0.162).
Differences in reversal learning could not be explained by differences in overall locomotor activity, as mdx mice were not different from WT mice in the total number of wall hole entries (p = 0.877) or in the total distance moved (p = 0.424) during the task duration (Fig 18e,f) .
These data indicate that mdx mice are less flexible when reward contingencies change in an operant cognitive flexibility task. 
Inflexibility in the Barnes maze
In the Barnes maze task for spatial learning, mice had to learn to find an escape box underneath one of the 24 holes on a circular platform. Initial learning abilities were comparable in mdx and WT mice. There was no difference between genotypes in the escape latency (p = 0.148, Fig. 19a ), nor in the distance traveled from start position to target hole (p = 0.408, Supplementary Table S2) during the training days. During the probe trial after initial learning when the escape box was absent and therefore gaging the memory for the location of this box, WT mice spent a significantly larger portion of the first five visits in the target octant than was expected by chance (p = 0.035), but this was not the case for mdx mice (p = 0.282, Fig. 19b ). However, looking at all visits during the probe trial, both WT and mdx mice made more visits than expected by chance in the target octant (p < 0.001 and p = 0.009, respectively). There was no significant difference between WT and mdx mice in the proportion during the first five (p = 0.603, Fig. 19b ) or all visits (p = 0.494). After the initial learning stage, the escape box was placed under the hole at the opposite side of the platform to assess spatial reversal learning. During the two days of reversal learning no effect of genotype was observed on escape latency (p = 0.791, Fig. 19c ) or distance moved to reach the escape box (p = 0.316, Supplementary  Table S2 ). However, during the probe trial mdx mice visited the holes in the old target octant of the initial learning stage more often than WT controls (p = 0.009, Fig.  19d ) or than was expected by chance during the first five visits (p = 0.018). WT mice visited this octant less than expected by chance during the first 5 visits (p = 0.015). Comparing visits to the different octants during the reversal probe trial showed that in mdx mice there is a shift towards the old target octants, whereas in WT mice there is a shift towards the new target octants (Fig. 19e,f) (Interaction genotype x area: p = 0.002). However, WT controls did not visit the new octants more than expected by chance (p = 0.202), whereas mdx mice did visit the old octants more than expected by chance (p = 0.013). Although memory of the novel location of the escape hole was not fully established in WT mice yet, mdx mice clearly persevered in their old search, which represents a form of inflexibility in these mice in addition to the operant reversal learning impairment observed in the home-cage DL/RL task. 
Normal avoidance learning in an automated home-cage
The automated home-cage avoidance learning task made use of the natural tendency of mice to develop a preference for one of the two entrances of the shelter. During the task's two conditioning days, entering through the preferred entrance was sanctioned with a mild aversive light stimulus. Both genotypes showed a significant preference index on the baseline day before the task, i.e. a preference index larger than zero (WT: p < 0.001; mdx: p = 0.002, Supplementary Fig. S5 ). There was no difference in strength of this initial preference between genotypes (p = 0.445). Both genotypes significantly decreased their preference during the two conditioning days (baseline -AL2; p = 0.003). No effect of genotype (p = 0.582), nor an interaction between genotype and day (p = 0.629) was detected. Additionally, we observed no difference in stability of the change of behavior as determined by the preference index on the day after the conditioning phase (AL3; p = 0.400). This implies that mdx mice show normal avoidance learning.
Normal spatial working memory in the T-maze
Spatial working memory was assessed in the T-maze by measuring the proportion of spontaneous alternations between the two arms of the maze. Mdx mice, as well as WT mice, performed above chance level in the T-maze (mdx: p < 0.001; WT: p = 0.026). This indicates that mdx mice have a normal working memory.
Increased anxiety in the dark-light box and automated home-cage but not in the open-field
In the dark-light box, anxiety related behavior was assessed by measures of exploration of the light compartment of this box during ten minutes. Mdx mice spent significantly less time in the light compartment (p = 0.004), took longer to visit this light compartment (p = 0.026), and made fewer visits to this compartment than WT controls (p = 0.010) as shown in Fig. 20a -c. However, this increased anxiety-related behavior measured in the dark-light box was not observed in the open-field which was performed subsequently, as measured by the time spent in the center of this bright lit arena (p = 0.251, Fig. 20d ). Furthermore, no difference between genotypes was observed in total distance moved in the open-field, indicating the absence of general locomotor deficits (p = 0.500, Fig 20e) .
Anxiety was additionally assessed in the habituated home-cage PhenoTyper. During the anxiety task, a bright light shone onto the area between the feeding station and the shelter for one hour. Time spent outside the shelter was used as a measure of anxiety related behavior. Both groups of mice responded significantly to the light spot (Fig. 20f) by reducing the time they spent outside compared to the fourth dark phase during which the bright light spot was off (p = 0.002). However, in mdx mice there was a trend towards a stronger response to the light spot than in WT mice during the first 15 minutes (p = 0.057), potentially indicating a stronger anxiety response in mdx mice in the light spot test. This effect was in the same direction as observed in the dark-light box, which only lasted ten minutes. There was no difference between genotypes in the hour immediately after the anxiety task (p = 0.524).
These results combined suggest that increased anxiety can be detected in mdx mice, but that the expression of this behavior is dependent on the testing environment and the duration of the anxiety test. 
Discussion
Behavioral and cognitive deficits have been reported in Duchenne muscular dystrophy patients, carrying mutations in the DMD gene that result in a lack of dystrophin. Here, we used the mdx mouse model to explore the behavioral and cognitive consequences of a lack of full-length dystrophin. The mdx mouse did not present motor function deficits that would interfere with measurements of cognition and anxiety, similar to previous reports [158] [159] [160] . Mdx mice showed increased anxiety related behavior that was specific to the type and context of the anxiety test. As a measure of executive function, we studied reversal learning and showed that mdx mice have impaired reversal learning in an automated home-cage task as well as an inflexible search strategy during the probe trial on the Barnes maze. However, no differences in working memory were observed in the T-maze.
We observed increased anxiety in mdx mice in the dark-light box, a trend towards increased anxiety in the automated home-cage, but not in the open-field test. The dark-light box was the most stressful test environment compared to the open-field test in which the intensity of the light was lower and therefore less stressful. In addition, mice were tested in the open-field after the dark-light box. Repeated testing for anxiety is known to reduce anxiety related behaviors 9 , which can be an additional factor in the absence of an anxiety phenotype in the openfield. Mdx mice tended to respond stronger to the bright light spot in the automated home-cage than WT mice, in particular during the first 15 minutes by spending less time outside of their shelter, suggestive of more anxiety-related behavior as bright light is generally considered anxiogenic in mice 168 . This effect was comparable to the effect observed in the dark-light box, which only lasted ten minutes. Human-animal interactions in combination with heightened arousal due to novelty of the dark-light box, as previously discussed 80 , might have made the increased anxiety response observed in mdx mice in this box more apparent compared to the habituated homecage environment. Previous reports are not conclusive about an anxiety phenotype in mdx mice. Increased anxiety related behavior was observed in an open-field 169 , but mdx mice did not show higher levels of anxiety in the elevated plus maze 170 , nor was anxiety increased in the dark-light box experiment 160 . In contrast to these previous studies that used male mdx mice we used females. Although anxiety is not generally increased or decreased in female mice 171, 172 , a gender-genotype interaction might explain the difference between our and previous results.
Also in children with DMD, anxiety is not always increased. Some studies reported anxiety in approximately 25% of DMD children and adults 173, 174 . Others have shown less anxiety and depression in DMD males compared to males with another chronic medical condition 175 . Banihani et al. 154 found anxiety in DMD children to be in the normal range. However, they suggested that mutations affecting the shorter 4 dystrophin isoforms Dp260 and Dp140 contribute more to anxiety phenotypes, whereas those affecting Dp427 isoforms solely contribute to learning abilities. This suggestion corresponds with the milder learning deficit but increased anxiety observed in mdx 3cv mice 176, 177 , which lack smaller isoforms in addition to the fulllength isoforms. Nevertheless, from our data it can be concluded that the absence of full-length dystrophin in combination with a strong fearful environment can increase anxiety levels.
Learning was not affected in the DL/RL home-cage task, the home-cage avoidance learning task or the Barnes maze task, nor did we observe a deficit in working memory, consistent with previous reports 160, 165, [177] [178] [179] . Initial discrimination learning in the DL/RL task requires an egocentric spatial response strategy presumably dependent largely on the striatum in addition to the hippocampus 180, 181 . The absence of a learning deficit during the DL stage of this task is consistent with the expression pattern of full-length dystrophin which is normally expressed in pyramidal cells in the cortex and hippocampus, and Purkinje cells in the cerebellum of mice, but is absent in the striatum 182, 183 . In Dp71 KO mice, impairments in spatial learning and spatial working memory have been observed 184 . Patients lacking Dp140 and Dp71 in addition to Dp427 are more cognitively disabled 156, 157, [185] [186] [187] [188] . This highlights the importance of smaller dystrophin isoforms in addition to full-length dystrophin for correct spatial learning and working memory.
It is not yet clear whether mdx mice have deficits in memory retention. Some studies report no deficits 177, 178 , whereas others do 165, 179, 189 . In the Barnes maze initial learning probe trial, mdx mice did not perform significantly different from WT mice and performed above chance level when looking at all visits during the probe trial. Therefore, our data did not suggest a memory deficit in mdx mice. As possible explanation for the difference between reported outcomes might be the type of task, i.e. Barnes maze, water maze or fear memory tasks, or the number of training sessions and the distribution of these sessions over multiple days before memory retention was assessed. Extended training spread out over multiple days, as performed by us and 177, 178 , has potentially facilitated long-term memory acquisition in mdx mice.
In line with observations of impaired switching performance in the Trial Making Test B in DMD children 147, 151 , mdx mice showed severely impaired cognitive flexibility in the automated home-cage DL/RL task (four out of nine mdx mice did not reach the 80% criterion). Reversal learning during the RL stage of the homecage task is dependent on the orbitofrontal cortex (unpublished data). The finding that the distribution and number of parvalbumin positive neurons is altered in mdx mice 190, 191 , combined with the essential role these cells in the orbitofrontal cortex in reversal learning 192 , implies a role of these GABAergic cells in the orbitofrontal cortex in the observed reversal learning deficit in mdx mice.
Even though WT and mdx mice showed similar spatial reversal learning curves during the two days of reversal training in our Barnes maze experiment with respect to the time and distance required to reach the novel escapes location, analysis of the first holes visited during the probe test on the third day showed an increased perseverance of mdx mice to start off their search by visiting the old target location. This, again, signifies inflexibility in female mdx mice. Sesay et al. 178 reported an initial deficit during reversal training in a water maze, but after four days of training, male mdx mice reached similar performance levels. Chaussenot et al. 165 did not observe differences in a multi-day water maze reversal learning paradigm. However, neither of these studies used a probe trial after reversal training.
We here used female mdx mice to establish a foundation for future studies investigating how much dystrophin is needed to prevent or ameliorate brain pathology in the mdx mouse. The mdx-Xist Δhs mouse model which express low dystrophin based on non-random X-inactivation 162 would be instrumental in these studies. This model is inherently female and therefore we opted to assess a benchmark in female mdx mice.
The majority of studies in rats and mice do not report a clear gender difference in spatial learning 193 or more specifically performance on the Barnes maze
194
. However, food restriction as well as environmental stressors can affect the sensitivity to detect genotypic and sex differences 45, 47 . The absence of pre-imposed food restriction and the absence of interference of the experimenter in our home-cage DL/RL task might have increased the sensitivity to detect an effect of dystrophin on reversal learning in the absence of stressors. In addition, the Barnes maze is a less stressful spatial learning task than the Morris water maze 195 . Therefore, the tests we used might be more sensitive to detect differences in cognitive flexibility in a female mouse model of DMD.
Overall, this elaborate examination of the absence of full-length dystrophin isoforms in mdx mice on multiple behavioral domains points to a specific effect on cognitive flexibility and anxiety. However, the testing environment and protocol had an effect on the expression of these behaviors in mdx mice. Studies using mdx mouse models in which additional shorter dystrophin isoforms are affected show either increased anxiety or impaired learning and memory 176, 177, 184 . In this context, our results suggest that the number of affected dystrophin isoforms in combination with the environment determines the type and intensity of behavioral deficits observed in children with DMD. This should be taken into account in the pre-clinical development of novel treatments. Table S2 | Overview of all statistical tests performed per behavioral test and their outcomes. Significance levels were set at p < 0.05.
